Verification studies of RELAP-4 were also performed by several other groups(17)~ (20) . The LOFT test data were used for the verification studies of TRAC-P1 by Pyun & Williams(21) . Although these verification studies have proved the codes to be powerful tools and have demonstrated the safety of commercial power plants against LOCAs, they have contributed little towards advancing the physical understanding of blowdown phenomena. One way to advance our understanding of blowdown can be based on straightforward analysis, for instance as in the lumped model(6)~(8) which is derived from macroscopic balance equations for which physical meanings are readily apparent.
Hence, numerical analyses have been done on the liquid, two-phase mixture, and vapor discharges blowdowns based on the macroscopic energy and mass balances equations to examine the principal term for the three different discharge blowdowns.
In order to generalize the discussion, the depressurization rate equation together with the mass balance equation were changed into a dimensionless form by application of dimensional analysis. This application also made it possible to obtain dimensionless parameters of blowdown processes which are necessary to compare the experimental data between differently scaled test facilities.
II. THEORETICAL enthalpy of the flowing out fluid was assumed to be equal to the averaged stagnation enthalpy of the fluid in "1", h0 in Refs. (22) and (24), the term associated with the change of the internal energy per unit mass of coolant, was ignored in the depressurization rate equation.
In the present work for which one purpose is clarification of the differences between liquid and vapor discharges blowdowns, the depressurization rate equation derived in Refs. (8), (23) and (25) is used. (The equations in those references are identical except for the misprint in sign of Ref. (25) .)
The static pressure in control volume "1" can be functionally expressed with the internal energy per unit mass of coolant U and the specific volume v by
The depressurization rate is then given by If the kinetic and potential energies are ignored, the total energy E of system "1", satisfies the relation, E=U=MU (M: coolant mass) and with v=V/M (V: vessel volume), the following equations are obtained :
The dU/dt is given by two terms : the first originated in the change in total energy of the fluid in the control volume "1" ; and the second originated in the change in coolant mass of the fluid in "1".
The second term indicates that a decrease in M increases U, so essentially the term redistributes energy over the coolant remaining in control volume "1". Since the vessel volume is constant, dv/dt is given only by the term due to the change in coolant mass. The storage rate terms dE/dt and dM/dt in Eqs. ( 3 ) and (4) are replaced by the outflow rate terms in the macrocopic balance equations of energy and mass, and then the equations are inserted into Eq. (2) to yield the following depressurization rate equation : (5) where no heat generation is assumed in control volume "1".
The AB and GC in Eq. (5) denote the break area and the critical mass flux, respectively.
The mass balance equation in "1" is given by (6) The term ABGC/M in Eq. (5) expresses the ratio between the discharge mass flow rate and the residual mass in control volume "1", and is considered to be the decrease rate of coolant in "1". The first term in the braces expresses the pressure change due to the net discharge of energy (energy discharge term) and the second, the pressure change due to the volumetric discharge of coolant (volumetric discharge term).
The quantities appearing in Eq. (5) are evaluated assuming a saturated state of the two-phase mixture in the vessel. The static quality, xs is evaluated by the following two equation :
Equation (7) Nucl. Sci. Technol.,
The dimensional analysis (26) is applied to Eqs. ( 9 ) and (10) . The secondary quantities which appear are p, t, AB, V, v and Gc. (The h0(out) and U in Eq. ( 9 ) are not considered because their dimensions are cancelled by that of pU in (pp/pU)v.) Since the three primary quantities, that is, length L, mass M and time T constitute the secondary ones, the Pi theorem indicates that there are three independent dimensionless groups. The dimensional matrix, M is given by (11) The rank of the dimensional matrix M is confirmed to be three by taking the determinant of the matrix consisting of the v, Gc and t columns of Eq. (11). The selected groupings of the secondary quantities are the v, Gc, t plus one of the remaining quantities p, AB or V that is (p, v, Gc, t), (AB, v, Gc t) and (V, v, Gc, t). 
Since AB and V always appear in the form of AB/V in Eqs. ( 9 ) and (10), p'2 and p'3 are lumped together becoming (13) To express Eqs. ( 9 ) and (10) 
The term p1, does not appear in Eqs. (14) and (15) . Although the dimensionless Eqs. (14) and (15) are obtained, p2 changes with time due to the dependence of v and Gc on p and further, the physical meaning of p2 is not explicit. Hence, variables in Eqs. (14) and (15) are replaced by the reduced variables with reference values (16) As the reference, the initial values may be adopted. Using the new variables defined above, Eqs. (14) and (15) (19) The p02 is the ratio of the discharging mass flow rate in the time unit of to, ABGc0t0 to the coolant mass in the vessel M0 and is considered to be the fractional decrease rate of coolant. Further, if the following variable is adopted : (20) then, Eqs. (17) and (18) are finally rearranged as follows :
where
The functions f(p') and g(p') change with time t", since pressure p' changes with t". Therefore, Eqs. (21) and (22) indicate that similarities of pressure and coolant mass changes exist between the blowdowns for which f(p') and g(p') are identical to each other and from Eq. (20) the dimensionless parameter p02 determines the change rates of pressure and mass with respect to t'. The p02 becomes AB/V between blowdowns where the same fluid is used since Gc0, v0 and t0 are equal to each other. If heat generation exists in the pressure vessel, Eq. (5) becomes (25) In the same way as the case for no heat generation, the following equations are finally obtained :
Equation (27) indicates that the dimensionless parameter p03 expresses the fractional increase rate of energy due to heat generation. The final equations discussed are obtained by the introduction of the variable t" into Eq. (26) as, (28) 49- (29) (30)
The dimensionless parameter p0 denotes the ratio between the fractional change rate of energy and that of mass which becomes Sqin/ AB for the blowdowns with the same fluid as derived in our former study (27) .
III . RESULTS AND DISCUSSION
To simplify the discussions, no heat generation is once again assumed, that is, Eqs. (21) and (22) are used in the numerical analyses. The Homogeneous Equilibrium Model (HEM) (28) is used in the calculation of Gc. The calculational flow is given in Fig. 2 . The calculation starts at 6.9 MPa (almost the BWR rated pressure) and the break area over the vessel volume is 10-4m-1 (corresponding to a 25% break of the recirculation line of a BWR-5) (29). becomes small and is on the order of the pressure. volume work. Although the discharge rate of the total energy is larger for the liquid or two-phase mixture discharge than for the vapor discharge (i. e. Gc1h1>Gcvhv), the energy per unit mass of coolant in the liquid phase or two-phase mixture is small and its effect upon depressurization is offset by the energy redistribution due to the mass change in the vessel.
As shown in Fig. 4 , the average specific volume v' increases rapidly for the liquid or twophase mixture discharge blowdown because of the high critical mass flux Gc through the break nozzle. While the volumetric flow rate through the break is larger for the vapor than for the liquid discharge, the volume discharge term becomes dominant in the case of the liquid discharge blowdown since the depressurization rate depends not on the specific volume of the flowing-out coolant, but on the average specific volume of the coolant in the pressure vessel. Figure 5 (a) and (b) indicate that both (pp'/pU')v' and -(pp'/pv')u', decrease with pressure for any discharging case. The decrease rate of coolant v'G'c increases for the liquid and two-phase mixture, and decreases for the vapor discharge depending on v' (Figs. 6 and 8 (b) ). The principal term influencing the depressurization rate is the energy discharge term for the vapor and the volumetric discharge term for the liquid or two-phase mixture as shown in Fig. 7 (a) and (b). The depressurization rate itself (f (p')) is larger at an early stage of blowdown and is smaller at a later stage for the vapor than for the liquid or two-phase mixture discharge ( Fig. 8 (a) ).
In the latter discharge, the increases in v' and v'G'c compensate for the decreases in other quantities at low pressure and keep the depressurization rate in the same order. Finally, the change in the depressurization rate after the uncovery of the break for the 
